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ABSTRACT

The preparation of iridium films for thermionic cathodes by chemi-

cal vapor deposition was studied. The deposition from IrCl3/H2 /CO atmo-

spheres was very inefficient; however, iridium was deposited from

IrF 6 /H2/CO at 465
0 C * 250 C with reasonable efficiency.

The majority of the deposits were porous or loose powders. An

attempt to deposit iridium on a substrate designed to produce a micro-

porous film was unsuccessful because of the poor throwing-power of the

process.
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I INTRODUCTION

This report summarizes the results of an investigation of a method

for the production of thin films of iridium by chemical vapor deposition

(CVD) with the objective of controlling crystallographic orientation.

The need for ultra-long-life (> 106 hour) traveling wave tubes for

satellite communications has stimulated a resurgence of interest in

dispenser cathodes (Schroff, 1978; Longo, 1978; Smith, 1978). The con-

ventionally accepted types are made of porous tungsten impregnated with

barium calcium aluminates (Levi, 1955; Brodie and Jenkins, 1956). The

emission capability of the dispenser cathode gradually decreases during

its lifetime at a rate strongly dependent upon the cathode's operating

temperature (Longo, 1978). Related experiments have shown that this

decay is associated with a decline in the rate at which barium is sup-

plied to the surface (Brodie and Jenkins, 1957a; Rittner et al.,1957)

and with changes in the physical-chemical structure of the cathode sur-

face. Scanning electron micrographs have shown that not only does the

chemical composition of the pore ends and the bulk material undergo

alteration, but the crystal structure of the tungsten (Maloney, 1978;

Sickafus, 1978) is also affected. Emission micrographs of the cathode

surface show a marked patchiness (Brodie and Jenkins, 1957b; Tuck,

1978), with the more intense emission originating at the pore endings--

at least at the beginning of life.

Recently, there have been studies of iridium as a base metal for

dispenser cathodes, at the Naval Research Laboratory (NRL) (Thomas et

al., in press) and at Varian (Falce, 1978). The various properties of

iridium that can influence cathode operation were discussed by Thomas et

al. They found that, as with other materials (Weissman and Kinter,

1963), crystallographic orientation influences the thermionic work func-

tion, and, in randomly oriented, large-grained films, is responsible for
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"patchy" emission. Oriented polycrystalline films can be produced by

vapor deposition (Thomas et al., in press; Bauer, 1962; Powell et al.,

1966; Yang and Hudson, 1967; McMurray et al., 1965).

Our investigation revealed that the deposition of iridium using

IrCl3 as a source was very inefficient even in the presence of H2 /CO.

IrF 6 was a more efficient source, and we could deposit iridium layers

over a substrate temperature range of 4000 C to 5000C, with a sharp peak

in the deposition efficiency at 4650 ± 250C.

Depositions up to 50-pm thick were obtained. The depositions were

porous and often nonadherent powders. No evidence of preferred orienta-

tion was found.
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II EXPERIMENTAL DETAILS

A. Apparatus

A schematic view of the stainless-steel-and-glass iridium

cheaical-vapor-deposition apparatus is shown in Figure 1. The volatile

iridium source could be supplied from either the IrCl3 or IrF 6 vaporizer

as shown. The carrier gas, consisting of either argon (Ar), hydrogen

(H2 ), or carbon monoxide (CO), or mixture, was metered through the

appropriate vaporizer from calibrated flowmeters. Deposition experi-

ments were usually conducted at atmospheric pressure, but a Cartesian

diver pressure regulator was sometimes used to investigate subambient

conditions. The substrate, consisting of a freshly etched or cleaned

metallic specimen, was placed on a graphite susceptor containing a ther-

mocouple well and centered in position between radio frequency (RF)

induction coils (Lepel Model 1-2.5). The flow stream containing vola-

tilized iridium struck the heated surface of the specimen through a

cone-shaped glass impinger located about 1.5-mm above the specimen sur-

face. The wall temperature of the reactor was maintained by a hot-air

gun for IrCl3 experiments and by cold water for IrF 6 experiments. A

photograph of the assembled apparatus with the IrF 6 vaporizer in place

is shown in Figures 2 and 3. Volatile iridium species were generated

from IrCl 3 by flowing the carrier gas (mixtures of argon, carbon monox-

ide, and hydrogen) through a heated sample of the powder in the vapor-

izer shown in Figure 1. The exact nature of the volatile iridium

species was unknown, but a iridium carbonyl chloride such as IrCOCI2 was

a likely candidate. To avoid deposition of iridium on cold wall sur-

faces, the lines following the IrCl3 vaporizer were heated.

The vaporizer containing IrF 6 was transferred to the vapor phase by

passing the carrier gas (usually a mixture of argon and carbon monoxide)

through the U-tube maintained at low temperature. The mass flow rate of

L 3
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IrF 6 can be estimated from the volumetric flow rate of the carrier gas

and the known vapor pressure/temperature relationship for IrF 6. Since

vapor saturation was not achieved under our flow conditions, we calcu-

lated the actual IrF 6 mass flow rate by weighing the U-tube before and

afLer the deposition experiment. To avoid losses of IrF 6 to hot wall

surfaces, the reactor walls were cooled with cold water.

B. Materials

Amorphous IrCl3 was obtained from Alpha Products in sealed glass

ampules. All transfers of the powder were conducted in the inert atmo-

sphere (N2 ) of a dry box. To prepare IrF 6 , a section of 0.030-inch

(0.75 mm) diameter iridium wire (99.5 percent purity from Englehard

Industries) was burned in elemental fluorine (280 torr) in a Monel®

vessel maintained as -196 0 C. Under these conditions, combustion of iri-

dium proceeds to IrF 6 in greater than 90 percent conversion (Table 1).

The volatile product was then distilled into the tared U-tube and stored

at -78.5 0C. During a deposition experiment, the U-tube was attached to

the CVD apparatus and maintained at the desired temperature with a slush

bath, usually LN2 /acetonitrile (-46.5
0 C).

The suitability of a variety of metallic substrates for the deposi-

tion of iridium was investigated during the course of this study. The

materials included molybdenum, copper, iridium-coated copper, silicon,

SiO2-coated silicon, and copper-coated silicon. In general, the speci-

mens were 0.625-inch (1.5625 cm) diameter disks, about 0.005 to 0.010-

inch (0.125 to 0.25 mm) thick, and cleaned by standard acid etching or

polishing techniques. Each sample was weighed to * 0.2 mg before and

after the experiment to determine the weight of iridium deposited. The

nature of the deposit on selected specimens was characterized by scan-

ning electron microscopy (SEM), X-ray fluorescence (XRF), and X-ray dif-

fraction (XRD) analysis.

7
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Table I

PREPARATION OF IrF 6
(Ir + 3P2 4 IrF 6 )

Reactants Product

Iridium
Fluorine Iridium Consumed IrF6  ConversionT

Run (mole) (mole) (wt%) (mole) (wt%)

1 0.0510 0.0161 88.8 0.0130 91.2

2 0.0597 0.0162 92.6 0.0126 84.5

3 0.0594 0.165 93.6 0.0117 76.0

4 0.0616 0.0166 93.5 0.0146 94.2

5 0.0598 0.0165 93.2 0.0142 92.4

6 0.0595 0.0167 (51.2)T 0.0060 (69.5)T

7 0.0599 0.0165 93.1 0.0143 93.0

8 0.0608 0.0163 93.1 0.0167 110.3

9 0.0603 0.0165 93.7 0.0137 88.7

10 0.0600 0.0164 93.5 0.0140 91.4

11 0.0603 0.0164 93.2 0.0144 94.2

12 0.0436 0.0123 91.0 0.0105 93.4

Average 92.7 91.8

0.030-inch diameter wire (99.5 percent purity).

Based on weight of iridium consumed.

Wire broke (not included in average).
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III RESULTS

A. Deposition from IrCl 3

The important parameters concerning the efficient deposition of

iridium from IrCl3 included vaporizer and substrate temperatures and

carrier-gas composition and flowrate. The results from these studies,

summarized in Table 2, demonstrate that no more than about 2.5 mg of

iridium can be deposited on a molybdenum or copper substrate in the form

of isolated iridium patches as detected by SEM/XRF surface analysis.

Specificly, we observed that conditions that fostered the generation of

a volatile iridium species (1500C to 2000 C in the presence of H2 /CO)

also fostered the reduction of IrCl 3 to the metal. In nearly all

attempts to volatilize iridium from IrCl3 in the presence of H2 /CO, but

especially with hydrogen, theoretical conversion of the chloride to

finely divided pyrophoric iridium metal was observed. The small frac-

tion of volatile iridium species generated during reduction to the

metal, responsible for the iridium deposits observed on the molybdenum

and copper substrates, appeared to decompose on wall and substrate sur-

faces heated above 3000C.

B. Deposition from IrF6

Our experimental approach to optimizing conditions for the deposi-

tion of iridium from IrF 6 has entailed a detailed evaluation of these

parameters: substrate type, temperature, pressure, IrF 6 concentration,

flow rate, and presence of hydrogen and CO in the carrier stream.

Results from these studies are described below.

9
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C. Effect of Temperature

Initial screening experiments to optimize deposition temperature

were conducted in the range 3080C - 9150C on a copper substrate. Above

7000C, the amount of iridium deposited (above 30 mg) was essentially

independent of temperature, flow rate, or IrF 6 concentration. Below

7000C, temperature played a dramatic role on the amount of adherent iri-

dium deposited. The relationship between temperature and iridium depo-

sition is best compared to the deposition efficiency of IrF 6 , which is

defined as substrate weight gain/total IrF 6 exposure. As shown in Table

3, initial IrF 6 exposures were not constant and varied over a large

range; this deficiency was corrected in later experiments. Initial

results suggested that maximum iridium deposition efficiency occurred

over a narrow temperature range; at _4890C, nearly 20 percent of the

exposed trF 6 was deposited as iridium on the copper substrate. A ± 100C

variation from this temperature reduced the deposition efficiency to

less than 5 percent. In these early experiments, the reported tempera-

tures are that of the graphite susceptor. More accurate temperature

measurements of the substrate surfaces were achieved by positioning the

thermocouple to contact the sample. Temperature measurements at this

position (Table 4) were about 200C to 400C cooler than those given in

Table 3.

As shown in Table 4, we focus on temperature conditions near 4500C

to optimize iridium deposition efficiency from lrF6. The results, plot-

ted in Figure 4, demonstrate a narrow range temperature dependence for

maximum efficiency, which peaks at about 4650C.

Because of the high radiant output from the heated graphite suscep-

tor, reactor wall temperatures were difficult, to control by air cooling,

and varied between about 400C to 1900c. Because the hot walls provided

another sink for IrF6 decomposition, more efficient cooling was provided

by flowing tap water through the cooling jacket, which maintained the

wall surface at about 180C.
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FIGURE 4 STICKING EFFICIENCY FOR IRIDIUM DEPOSITION ON COPPER

FROM IrF6 AS A FUNCTION OF TEMPERATURE

D. Substrate Type

Several substrate materials for the deposition of iridium from lrF6
were investigated. These included copper, molybdenum, quartz, and

iridium-coated copper disks [0.625-inch (1.5625 mm) diameter x 0.0005

inch (0.125 mm) thick], and copper-coated and Si0 2-coated silicon

specimens.
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For all samples except the copper and iridium surfaces, a substrate

weight loss was observed during exposure to IrF6 . This can probably be

ascribed to IrF 6 attack to form volatile substrate species such as MoF6 ,

Mo(CO)6, and SiF 4. For the copper substrate, initial reaction probably

forms a passivation coating of nonvolatile CuF or CuF2 , which have melt-

ing points in excess of 9000 C.

E. IrF6 Exposure

The gas phase concentration of IrF 6 in the carrier stream was

varied by changing the temperature of the vaporizer. The total IrF 6

mass flow rate was calculated from a knowledge of exposure time and the

weight of the vaporizer before and after a deposition experiment. Dur-

ing initial experiments (Table 3), poor temperature control of the

vaporizer resulted in a large variation of the IrF 6 mass flow rate:

168 * 149 (standard deviation) mg/h at -46.50C. We speculate that the

reason for the variation was nonuniform cooling of the solid IrF 6 resid-

ing in the upper portion of the exit arms of the U-tube vaporizer. The

IrF 6 vaporizer was loaded with the gas stream entering the arm of the

U-tube that eventually became the exit during the deposition process.

Since the IrF 6 readily condenses at -78
0 C, it collected near the

entrance. Consequently, the temperature of the vaporizer was sensitive

to the depth of the coolant on that region of the U-tube. The diffi-

culty was eliminated by reversing the direction of loading to correspond

to the direction of vaporization, such that the IrF 6 had to flow through

the U-tube to enter the reactor and thermal uniformity was assured, and

more uniform mass flow rates were achieved: 62 ± 21 (standard deviation)

mg/h at -46.5 0 C.

By adjusting the temperature of the IrF6 vaporizer and the time for

the experiment, total exposures were varied from -20 to 3,000 mg IrF6,

and mass flow rates from -1 to 470 mg/h. (Tables 3 and 4.) The results

of this study showed that the quantity and quality of iridium deposited

by CVD under these conditions is not strongly influenced by the rate at

which IrF 6 is supplied to the substrate surface. While larger IrF 6
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exposures result in the deposition of more iridium, the deposition effi-

ciency remained essentially constant for a given temperature. In fact,

the deposition efficiency curve constructed from the wide range of IrF 6

exposures given in Table 3 is essentially the same as the curve from a

narrower range of exposures in Table 4 (Figure 4).

F. Effect of Carrier Gas Composition and Flow Rate

Carrier gas effects were investigated using mixtures of argon, CO,

and hydrogen supplied through calibrated flowmeters. Initial results

(Table 3) demonstrated that the presence of CO aids in achieving an

adherent iridium deposit on a copper substrate. For example, in a car-

rier stream of pure argon, a "sticking efficiency" of 2.6 percent was

observed (Run 13); at nearly the same temperature in the presence of (18

CO)/(82 argon) volume percent (vol%), 16.6 of the IrF 6 was deposited on

the substrate (Run 5). Hydrogen is apparently too strong a reducing

agent; in the presence of (18 hydrogen)/(82 argon) vol%, a large amount

of nonadherent iridium powder was formed on the surface of the substrate

(Run 49).

The nature of the iridium deposit on a copper substrate is affected

by the concentration of CO in the CO/argon carrier stream. In the pres-

ence of 40 vol% CO, most of the deposit is in the form of loose powder,

probably generated during gas phase reduction of IrF6 above the sub-

strate surface. When the CO concentration is lowered to 12 vol%, depo-

sition efficiency is poor and little powder forms. While the effect of

CO was not optimized over a broad range of concentrations, it appeared

that iridium was deposited in the presence of 18 vol% CO in argon in the

form of an adherent coating.

The effect of total gas-flow rate was not extensively studied.

Most deposition experiments were conducted at a volumetric flow rate of

73 cm3/min. Lowering the flow rate to 50 cm3/min appeared to have lit-

tle effect on deposition efficiency and quality of the iridium deposit.

17



At a high flow rate of 220 cm3 /min, however, a reduction in deposition

efficiency from about 20 to 4 was observed.

G. Effect of Low Pressure

Chemical vapor deposition studies are frequently conducted at low

pressure to achieve desirable results. In the present study we

evaluated 0.30- and 0.1-atm conditions using a Cartesian diver manostat

and a deposition temperature near the maximum shown in Figure 4. While

the composition of the carrier gas was adjusted to the ratio (18 CO)/(82

argon), it was not possible to measure the total volumetric flow rate at

subambient pressure. Under these conditions we observed little if any

iridium deposit on the copper substrate (Table 4, Run 40-44).

H. Nature of the Deposit

To evaluate the effectiveness of our experimental approach to

optimizing the deposition of iridium from IrF 6 on a copper substrate,

the deposit was analyzed in terms of

" Sticking efficiency

" Weight of adherent deposit

" Visual appearance

" Scanning electron microscopy and X-ray fluorescence analysis

" X-ray diffraction analysis.

Sticking Efficienc --Evaluation of parameters to maximize the

amount of iridium deposition was most easily expressed in terms of the

sticking efficiency for IrF 6. In our work, sticking efficiency was

influenced most by temperature and to a lesser degree by carrier-gas

composition and flow rate. The repeatable observation of a narrow-range

temperature dependence for iridium deposition, peaking at about 4650C

(Figure 4), was a significant result from our study.

Weight of Adherent Deposit--In several cases, particularly in the

presence of a high concentration of CO and hydrogen, a large amount of
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loose iridium powder was found on the substrate surface. Powder forma-

tion probably occurs in the gas phase and is not a function of the

nature of the surface. All results are reported in terms of the weight

of adherent iridium deposit and not loose powder, which can easily be

removed by tilting the sample. Under optimized conditions of tempera-

ture (-4650C) and carrier-gas composition [(18 CO)/(82 argon) vol%],

more than 200 mg of adherent iridium was deposited on a 198 mm2 copper

disk in 4 hours. Presumably, larger amounts could be deposited over

longer time periods.

Visual Appearances--As shown in Tables 3 and 4, the visual appear-

ance of the iridium deposits from IrF6 ranges in color from silver to

black, suggesting a variety of particle sizes. In general, thinner

deposits tended to be more silver/grey in color, but no particular hue

could be related to a given parameter such as temperature, flow rate, or

gas composition.

Microscopic Examination--Selected iridium deposits were examined

by scanning electron microscopy (SEM). Most samples appeared to be den-

dritic (Figure 5) in nature, but occasionally a film was formed (Figure

6). The variation in morphology of the iridium deposits suggest that

deposition is quite sensitive to subtle changes in experimental condi-

tions, which we were not able to control repeatably. We speculate that

temperature control to better than k 50 C may be required to achieve con-

sistent morphology. SEM analysis further suggests that the initial

layers of iridium deposited on copper appear as a thin film, followed by

particulate or dendritic growth. This conclusion was reached by examin-

ing the iridium interface of a particulate-type deposit (Figure 7) after

removal from the copper substrate. Figure 8 is a SEM photograph of the

copper side of the iridium deposit, which appears film-like in nature.

It is possible, however, that acid treatment used to remove the iridium

deposit from the substrate may have produced the effect shown.
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FIGURE 5 DENDRITE IRIDIUM DEPOSIT (RUN 33 IN TABLE 4

FIGURE 6 5000\ SEM PHOTOGRAPH OF IRIDIOM OLIN)si I MN CUPPLO
SUbSTRATE IRUN 16 IN TABLE 31



FIGURE 7 5000- SEM PHOTOGRAPH OF IRIDIUM DEPOSIT ON COPPER

SUBSTRATE (RUN 5 IN TABLE 3) BEFORE REMOVAL

FIGURE 8 2000," SEM PHOTOGRAPH OF IRIDIUM DEPOSIT iBACK SIDE,
RUN 5 IN TABLE 3) AFTER REMOVAL FROM COPPER SUBSTRATE
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I. Elemental Analysis

X-ray fluorescence and diffraction analyses of selected deposits

demonstrated the presence of essentially pure iridium with occasional

trace contamination from aluminum and chlorine. X-ray diffraction

analysis showed no preferred crystallographic orientation for any of the

deposits studied.

J. Deposition on Silicon Microstructures

We attempted to deposit a microporous film on a silicon substrate

supplied by Richard Thomas of NRL. The structure was prepared by anis-

tropic etching of a <110> silicon wafer to produce a pattern of ridges

about 60-m high, 14-ijm long, and 1-im wide, spaced 6 Pm apart in rows

separated by 30 vim. The pattern is apparent in Figure 9, which also

shows the nature of the resultant deposit. The substrate was coated

with copper by vacuum evaporation prior to iridium deposition. The den-

dritic growth, similar to that shown in Figure 5, totally dominated the

deposition process.
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IV DISCUSSION

A. Iridium Deposition from IrCl]

A computer-assisted literature search for thermodynamic -nd vapor

pressure properties of IrCl3 produced little pertinent data on which to

base volatilization and deposition experiments. Powell (1962) suggested

that the volatilization and decomposition temperatures of IrCl3 are too

close to permit efficient use of this material in vapor deposition reac-

tions, but that metal carbonyl halide compounds are stable and amenable

for CVD work. Macklin and Withers (1967) reported on the deposition of

iridium from IrCl 3 , but presented little data on the nature of the vola-

tile iridium species or the amount of iridium deposited. We speculate

that for iridium carbonyl chloride species, such IrCOCl2 may be formed

in the presence of IrCl3 and CO (Powell, 1962). Our results, however,

suggest that (IrCOCl 3 ) generated from IrCl3 and CO is not an efficient

transport reagent for iridium CVD work, because of the narrow-range tem-

perature limits for its formation and decomposition.

B. Iridium Deposition from IrF6

A review of the work of Macklin and Withers (1967) suggested that

IrF 6 is the best halide for depositing iridium coatings. The hex-

afluoride, which has a sublimation pressure of I atm at 530C, is the

most volatile source of the metal (vapor pressure - 248 torr at 250 C, 77

torr at 0°C, and 7 torr at -400 C), but is quite sensitive to decomposi-

tion. This sensitivity creates a handling and storage problem that

requires careful attention to cleanliness and the avoidance of reducing

agents. In practice, it is nearly impossible to avoid the slow decompo-

sition of the hexafluoride to iridium metal or IrF 6 species. In our

work, IrF 6 was prepared and stored in fluorine-passivated apparatus, and

between runs maintained at -78.50 C.
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While Macklin and Withers (1967) reported that iridium deposition

rates up to 0.5 .11/h (13 p~m/h) were observed using IrF 6, they report

little data to support this claim. We estimate from their work that the

iridium layer deposited on a graphite surface Is about 2.3 pm thick.

During the course of our investigation, we were able to achieve

deposits considerably thicker than previously reported. For example,

the thickness of the film-like deposit shown in Figure 6 is calculated

from its weight and surface area to be about 50 P'm and was deposited at

about 13 urn/h (in agreement with the rate reported by Macklin and With-

ers). Other deposits, which are probably porous in nature, were gen-

erally greater than 10 P'm.

The narrow-range temperature dependence for iridium deposition from

IrF 6 (Figure 4) has not been previously reported. We speculate that the

temperature dependence curve could be refined with more-accurate and

precise temperature measurement and control than is possible with the

present apparatus.

Sladek (1971) mathematically described the temperature region in

chemical vapor deposition for the transition from film to particle for-

mation. In Sladek's scheme, the transition occurs rather suddenly at

critical values defined as 14* and T0*P and (in general) film formation

is favored at lower temperatures. We do not have sufficient criticalI information concerning the physical/chemical properties of IrF6 to cal-

culate 14* and To* for a theoretical approach to the problem. It seems

clear, however, that this approach would not predict a maximum in the

sticking efficiency curve (Figure 4) and that this effect is indeed

unique to chemical vapor deposition of iridium from IrF 6 '
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